The mechanisms that polarize the cytoplasm are not understood. Han et al. show that the polo-like kinase PLK-1 regulates cytoplasmic polarization in the C. elegans zygote. PLK-1 acts with the RNA-binding protein MEX-5 to locally control the mobility of POS-1, thereby driving the formation of a POS-1 concentration gradient. Han et al., 2018, Current Biology 28, 60- 
INTRODUCTION
Protein concentration gradients encode spatial information that is necessary for a wide range of cellular and developmental processes. The central role morphogen gradients play in patterning cell identity across tissues has motivated decades of research into how gradients are established over long length scales [1] . It had been assumed that gradients could not be maintained within a single cell because of the dominant effects of diffusion at short length scales. However, initial theoretical work showed that if a kinase and phosphatase are spatially separated within a cell, a gradient in the phosphorylation state of their substrate could arise [2] . This idea was extended by the observation that if phosphorylation substantially changes a substrate's diffusion coefficient, a protein concentration gradient will arise with high concentrations in the region of low protein diffusivity [3] . Recent findings have demonstrated that such reaction/diffusion mechanisms generate intracellular gradients that underlie fundamental cellular processes, including organization of the mitotic spindle, control of the timing and position of cell division, and asymmetric cell division [4] [5] [6] [7] . Therefore, characterization of the mechanisms that locally control protein diffusivity is central to understanding how intracellular gradients are sculpted.
The segregation of cytoplasmic fate determinants during the asymmetric division of the C. elegans zygote provides a classic and particularly striking example of how gradients can spatially pattern cells. Shortly following fertilization, the tandem CCCH zinc-finger (TZF) RNA-binding proteins MEX-5 and MEX-6 (MEX-5/6 hereafter) segregate over the course of 10 min to the anterior cytoplasm in response to the posterior kinase PAR-1 [8] [9] [10] [11] . PAR-1 phosphorylates MEX-5 and increases its mobility in the posterior, leading to the preferential retention of MEX-5 in the anterior [12] [13] [14] , most likely through the formation of slow-diffusing MEX-5/RNA complexes [13] . The MEX-5/6 gradients, in turn, stimulate the redistribution of germ plasm RNA-binding proteins to the posterior cytoplasm [9] . For example, MEX-5/6 act through unknown mechanisms to increase the mobility of the TZF RNA-binding proteins POS-1 and PIE-1 in the anterior, which leads to their progressive redistribution to the posterior [15, 16] . The coupling between the MEX-5/6 and PIE-1 and POS-1 gradients raises two important questions. First, how do RNA-binding proteins such as MEX-5/ 6 regulate the diffusion and, therefore, the localization of other RNA-binding proteins? Second, how can MEX-5/6 target specific RNA-binding proteins such as POS-1 and PIE-1 among the many cytoplasmic RNA-binding proteins?
MEX-5/6 were recently shown to control the segregation of germ granules (P granules in C. elegans) through a competitive RNA-binding mechanism. P granules are micron-sized, nonmembranous assemblages composed of RNA and RNA-binding proteins [17, 18] . MEX-5/6 compete with the P granule components PGL-3 and MEG-3 for RNA, such that there is a local depletion of available RNA in the anterior cytoplasm [19, 20] . As a consequence, P granules are destabilized/disassembled in the anterior and stabilized/assembled in the posterior cytoplasm. It has not been determined whether similar mechanisms underlie the segregation of other germ plasm RNA-binding proteins.
In this study, we provide evidence that MEX-5 acts through the polo-like kinase PLK-1 to control the segregation of POS-1. We show that POS-1 segregation depends on both the interaction of MEX-5 with RNA and the interaction between MEX-5 and PLK-1, which has previously been shown to lead to the accumulation of PLK-1 in the anterior cytoplasm [21] [22] [23] . We show that PLK-1 phosphorylates POS-1 and acts to increase POS-1 mobility in the anterior. Additionally, we show that the retention of POS-1 in the posterior depends on POS-1 RNA binding, suggesting that PLK-1 phosphorylation may inhibit the formation of slowdiffusing POS-1/RNA complexes. Our findings elucidate a novel reaction/diffusion mechanism by which PLK-1 kinase couples two RNA-binding protein concentration gradients, leading to the partitioning of the cytoplasm of the C. elegans zygote.
RESULTS
MEX-5 RNA Binding Is Required for POS-1 and PIE-1 Segregation To begin to characterize the mechanisms underlying POS-1 and PIE-1 segregation, we asked whether MEX-5 RNA binding is required for its ability to control POS-1 and PIE-1 localization. The mammalian TZF protein Tis11d binds RNA through conserved aromatic residues within its ZF domains ( Figure S1A ) that form hydrophobic stacking interactions with RNA [24, 25] . Using an in vitro electrophoretic mobility shift assay (EMSA), we found that mutations at the corresponding residues (F294N; F339N) in MEX-5 reduce the apparent affinity (K d,app ) of recombinant MBP-tagged MEX-5(amino acids [aa] 236-350) for TNF-ARE RNA [10] from 11 ± 2 nM to greater than 100 nM ( Figures 1A and 1B) . We used CRISPR/Cas9 to edit the endogenous MEX-5 locus to generate mex-5 (F294N;F339N) , hereafter referred to as mex-5(ZFmut) ( Figure 1C ). mex-5(ZFmut) embryos were viable ( Figure S1B ) and segregated POS-1 and PIE-1 normally ( Figures 1D and 1E and S1G-S1I). We therefore analyzed the function of MEX-5(ZFmut) in embryos depleted of the partially redundant MEX-5 homolog MEX-6 [9] using mex-6(RNAi), which specifically depletes MEX-6 and not MEX-5 or MEX-5(ZFmut) ( Figure S1C ). In the presence of MEX-5, MEX-6 was dispensable for the segregation of GFP::MEX-5, GFP::MEX-5(ZFmut) (Figure S1D), GFP::POS-1 (Figures 5B and 5C), and PIE-1::GFP ( Figure S1E ) [9] . Like mex-5/6(RNAi) embryos, mex-5(ZFmut);mex-6(RNAi) embryos were inviable ( Figure S1B ) and, as described below, exhibited severe defects in GFP::POS-1 and PIE-1::GFP segregation.
To monitor GFP::POS-1 and PIE-1::GFP mobility, we used a fluorescence recovery after photobleaching (FRAP) assay. Consistent with previous studies [15, 16] , we found that the diffusivity of both GFP::POS-1 and PIE-1::GFP are significantly higher in the anterior than the posterior of wild-type embryos ( Figures 1F, 1H , 1I, and 1K; Table S1 ). In contrast, GFP::POS-1 and PIE-1::GFP exhibited slow mobility throughout the cytoplasm of mex-5(ZFmut);mex-6(RNAi) embryos and mex-5/6 (RNAi) embryos (Figures 1F-1K; Table S1 ), and, apparently as a consequence, failed to segregate ( Figures 1C-1E , S1F, and S1G) [15] . MEX-5 and MEX-5(ZFmut) were expressed at similar levels ( Figure S1C ), indicating that decreased MEX-5 concentration did not cause the defects in GFP::POS-1 and PIE-1::GFP dynamics in mex-5(ZFmut);mex-6(RNAi) embryos. Additionally, MEX-5/6 increased PIE-1::GFP mobility in both par-3 and par-1 mutant embryos in which MEX-5/6 were uniformly distributed [15] , indicating that the failure to increase GFP::POS-1 and PIE-1::GFP mobility in mex-5(ZFmut);mex-6(RNAi) was not due to the reduced segregation of MEX-5 RNA-binding mutants, per se ( Figure S1D ) [13, 19] . Therefore, we conclude that MEX-5 RNA binding is required for MEX-5 to stimulate increased GFP::POS-1 and PIE-1::GFP mobility in the anterior. MEX-5 RNA binding is also required to suppress MEG-3 granule assembly in the anterior [19] , suggesting that MEX-5 RNA binding may be a common requirement for germ plasm segregation. We note that, although MEG-3/4 are important for P granule segregation, they do not contribute to PIE-1 [26] or POS-1 [27] segregation ( Figure S2 ).
RNA Binding Mediates POS-1 and PIE-1 Retention in the Posterior
Having demonstrated that MEX-5 RNA binding is required to increase POS-1 and PIE-1 mobility, we next asked whether POS-1 or PIE-1 RNA binding is required for their segregation. We hypothesized that interaction with RNA could retard POS-1 and PIE-1 mobility, as was previously shown for MEX-5 [13] . To test this hypothesis, we introduced mutations in the POS-1 ZF domains (F121N; F164N) and in the PIE-1 ZF domains (Y121N; F206N) that are predicted to disrupt the hydrophobic stacking interactions necessary to bind RNA ( Figure S1A ). In vitro, the affinity of POS-1 (F121N; F164N) for a fragment of the GLP-1 RNA [28] was significantly lower (>300 nM) than wild-type POS-1 (26.9 ± 1.8 nM) (Figures 2A and 2B ). POS-1 and PIE-1 alleles containing these mutations, GFP::POS-1(ZFmut) and GFP::PIE-1(ZFmut) hereafter, were expressed in embryos from single-copy transgenes [29] at levels similar to wild-type GFP::POS-1 and GFP::PIE-1 transgenes ( Figure S3 ).
GFP::POS-1 mobility was significantly lower in the posterior than in the anterior, leading to the formation of an 3-fold posterior-rich concentration gradient. In contrast, the mobility of GFP::POS-1(ZFmut) was significantly higher than GFP::POS-1 in the posterior, and, as a result, GFP::POS-1(ZFmut) failed to segregate ( Figures 2C, 2D , and 2F; Table S1 ). We note that the GFP::POS-1(ZFmut) did not localize to posterior granules in the zygote, suggesting RNA binding contributes to the recruitment of POS-1 into granules. GFP::PIE-1(ZFmut) exhibited similar, although less severe, defects in its dynamics. The mobility of GFP::PIE-1(ZFmut) was significantly faster than GFP::PIE-1 in the posterior (Figures 2H and 2J ; Table S1 ), resulting in a reduced differential in mobility between the anterior and posterior. As a consequence, GFP::PIE-1(ZFmut) formed a concentration gradient that was 50% shallower than that of GFP::PIE-1 ( Figure 2G ). Previous work demonstrated that in addition to the ZF domains, the C terminus of PIE-1 contributes to its segregation [30] , and we speculate that the C terminus may mediate additional interactions that contribute to PIE-1 retention in the posterior. Because we have not determined the affinity of PIE-1(ZFmut) for RNA, another possibility is that PIE-1(ZFmut) may retain affinity for RNA.
The above findings suggest that the association of POS-1 and PIE-1 with RNA retards their mobility in the posterior and that RNA-bound MEX-5/6 may negatively regulate their association with RNA in the anterior. One prediction of this model is that the increased mobility exhibited by POS-1 and PIE-1 RNA-binding mutants should be independent of MEX-5/6. Indeed, the mobility of GFP::POS-1(ZFmut) was significantly higher than GFP::POS-1 in mex-5/6(RNAi) embryos (Figures 2E and 2F ; Table S1 ). We conclude that RNA binding is required for GFP::POS-1 retention and contributes significantly to GFP::PIE-1 retention in the posterior cytoplasm. We propose that MEX-5/6 activity in the anterior inhibits the association of these two proteins with slow-diffusing RNA complexes. Because additional unknown mechanisms appear to contribute to PIE-1 retention in the posterior, we focused our subsequent analysis on POS-1. See also Figure S3 and Table S1 .
The POS-1 C Terminus Is Required for Segregation
To determine the regions of POS-1 required for its segregation, we analyzed the localization of a series of GFP::POS-1 truncations in the regions flanking the centrally positioned ZF domains (aa 95-175) ( Figure S4A ). We found that GFP::POS-1 N-terminal truncations (GFP::POS-1(aa 30-264), GFP::POS-1(aa 60-264), and GFP::POS-1(aa 90-264)) formed normal posterior-rich gradients ( Figures S4A and S4B ). Depletion of endogenous POS-1 by RNAi did not affect the GFP::POS-1(aa 90-264) gradient ( Figures S4C and S4D ), indicating that its segregation did not depend on interactions with endogenous POS-1. Similarly, GFP::POS-1(aa 1-239) also segregated to the posterior, forming a gradient that was slightly weaker than the GFP::POS-1 gradient (Figures S4A and S4B ). In contrast, GFP::POS-1(aa 1-199) was symmetrically distributed throughout the cytoplasm of the polarized zygote ( Figures  S4A and S4B ). These data indicate that GFP::POS-1 segregation requires the C terminus, but not the N terminus, of POS-1 and suggest that residues aa 199-239 are particularly important. Interestingly, this region is conserved within nematode POS-1 homologs but is absent from other nematode TZF proteins [31] .
Predicted PLK-1 Phosphorylation Sites Are Required for POS-1 Segregation Strikingly, there are five potential polo-like kinase phosphorylation sites (D/E/N X S/T) within or immediately adjacent to the region aa 199-239 of POS-1 ( Figure 3A ) [32] . Two of the sites, Ser199 and Ser216, have a Leu in the +1 position and therefore match the preferred PLK-1 consensus phosphorylation site [33] . PLK-1 and PLK-2 have been shown to interact with MEX-5/6 by yeast two hybrid, to accumulate in the anterior cytoplasm in a MEX-5/6-dependent manner, and to be required for MEX-5/6 to stimulate the segregation of PIE-1 to the posterior [23] . We hypothesized that PLK-1 and/or PLK-2 might phosphorylate POS-1 and thereby control POS-1 mobility. As an initial test of this hypothesis, we characterized POS-1 dynamics in plk-1(RNAi) embryos. GFP::POS-1 was symmetrically distributed in 10 out of 13 plk-1(RNAi) embryos examined ( Figure 3B ) and exhibited uniformly slow mobility in plk-1(RNAi) embryos ( Figure 3C ), indicating that PLK-1 is required to increase POS-1 mobility in the anterior. Interestingly, defects in PIE-1 segregation were previously observed in plk-1/2(RNAi), but not plk-1(RNAi) [23] , which, taken together with our findings, suggests that low levels of PLK activity may be sufficient for PIE-1 segregation, but not for POS-1 segregation.
To determine whether PLK-1 kinase activity is required in the zygote to control POS-1 mobility, we generated an analog-sensitive allele of PLK-1 (plk-1(as) hereafter) by introducing the C52V and L115G mutations [34] at the endogenous PLK-1 locus. GFP::POS-1;plk-1(as) embryos were permeabilized [35] and treated with either DMSO control or 10 mM 1NM-PP1, which inhibits analog-sensitive kinases [36] . Of the 13 embryos treated with 1NM-PP1, 12 exhibited delayed nuclear envelope breakdown and failed cytokinesis, indicating that PLK-1 was efficiently inhibited under these conditions [37] . Importantly, GFP::POS-1 segregation was dramatically reduced in 1NM-PP1-treated embryos relative to control embryos ( Figures 3D and 3E ), indicating that PLK-1 kinase activity is required for GFP::POS-1 segregation.
Using in vitro kinase assays, we found that human PLK1 phosphorylates full-length recombinant MBP:POS-1, but not MBP ( Figures 3F and 3G) . Alanine substitutions at all five potential PLK-1 phosphorylation sites within the region aa 199-242 (MBP:POS-1(5A)) significantly reduced human PLK1 (hPLK1) phosphorylation of POS-1 ( Figures 3F and 3G ). Alanine substitutions at Ser199 and Ser216 reduced phosphorylation to a similar extent ( Figures 3F and 3G ), suggesting that these two residues are the primary hPLK1 phosphorylation sites within this region of POS-1. The remaining phosphorylation of MBP:POS-1(5A) by hPLK1 suggests the presence of additional PLK-1 phosphorylation site(s) in POS-1.
We next expressed GFP::POS-1 transgenes in which these five predicted PLK-1 phosphorylation sites were mutated to either non-phosphorylatible (GFP::POS-1(5A)) or phosphomimetic (GFP::POS-1(5D)) residues. GFP::POS-1(5A) formed a significantly weaker gradient than GFP::POS-1 ( Figure 4A ). Alanine substitutions at either Ser199 or Ser216 had a similar effect on POS-1 segregation ( Figure S4E ), suggesting that these residues are the primary sites of POS-1 regulation by PLK-1. Importantly, GFP::POS-1(5A) was significantly less mobile than GFP::POS-1 in the anterior (Figures 4B and 4D ; Table S1 ), consistent with the idea that phosphorylation increases POS-1 mobility in the anterior. See also Figure S4 and Table S1 .
Like GFP::POS-1(5A), GFP::POS-1(5D) formed a significantly weaker gradient than GFP::POS-1 ( Figure 4A ). However, in contrast to GFP::POS-1(5A), GFP::POS-1(5D) was significantly more mobile than GFP::POS-1 in the posterior (Figures 4C and  4D ; Table S1 ), indicating that the phosphomimetic substitutions disrupted the retention of POS-1 in the posterior. These data are consistent with a model in which the differential in POS-1 mobility along the anterior/posterior (A/P) axis results from a cycle of phosphorylation/dephosphorylation that increases POS-1 mobility in the anterior and decreases POS-1 mobility in the posterior. We note that both GFP::POS-1(5A) and GFP::POS-1(5D) exhibited some differential in mobility between the anterior and posterior ( Figures 4B-4D ), raising the possibility that additional PLK-1 phosphorylation site(s) may contribute to the regulation of POS-1 mobility.
We next sought to determine whether the phosphorylation status of POS-1 regulates POS-1 mobility downstream of MEX-5/6 and PLK-1 function. In mex-5/6(RNAi) and plk-1(RNAi) embryos, the mobility of GFP::POS-1(5D) was significantly higher than either GFP::POS-1 or GFP::POS-1(5A) (Figures 4E, 
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GFP::POS-1(5A) (11) GFP::POS-1 (13) GFP::POS-1(5D) (11) Figure S3 and Table S1. 4F, and 4H; Table S1 ). Additionally, in par-1(RNAi) embryos in which MEX-5/6 were active throughout the cytoplasm, the mobility of GFP::POS-1(5A) was significantly lower than either GFP::POS-1 or GFP::POS-1(5D) (Figures 4G and 4H ; Table S1 ). We conclude that phosphorylation of POS-1 by PLK-1 is both necessary and sufficient to increase the mobility of POS-1 downstream of MEX-5/6 and PLK-1 activity.
Interaction between MEX-5/6 and PLK-1 Is Required for GFP::POS-1 Segregation MBK-2 kinase phosphorylates MEX-5 T186 (and presumably MEX-6 at the analogous residue, T190), priming MEX-5/6 for Polo-box domain (PBD)-dependent binding of PLK-1 [23] . Consistent with the requirement for MBK-2 in the segregation of POS-1 [38, 39] , we found that GFP::POS-1 mobility was uniformly slow in mbk-2(RNAi) embryos (Table S1 ). Using GFP::MEX-5 transgenes, Nishi et al. showed that the mex-5(T186A) mutation does not affect MEX-5 gradient formation but reduces embryonic viability and disrupts PIE-1 degradation in somatic cells, a MEX-5/6-dependent function [23, 40] . To test whether the interaction between PLK-1 and MEX-5 is required for the control of POS-1 dynamics, we introduced the T186A mutation at the endogenous mex-5 locus and analyzed GFP::POS-1 dynamics ( Figure 5A ). mex-5(T186A) mutant embryos were viable and exhibited defects in GFP::POS-1 dynamics consistent with a partial reduction in MEX-5/6 activity ( Figures 5B, 5C , S5B, and S5C; Table S1 ). Like mex-5/6(RNAi) embryos, mex-5(T186A);mex-6(RNAi) embryos were inviable and failed to segregate GFP::POS-1 ( Figures 5B and 5C ) because GFP::POS-1 mobility was uniformly slow (Figures 5D and 5E ; Table S1 ). Furthermore, the mobility of GFP::POS-1(5D) was significantly faster than wild-type GFP::POS-1 in mex-5(T186A);mex-6(RNAi) embryos (Figures 5D and 5E ; Table S1 ). These findings suggest that the interaction between MEX-5/6 and PLK-1 is required for the control of POS-1 mobility.
Previous studies have demonstrated that PLK-1 forms an anterior-rich cytoplasmic gradient in the polarized zygote [21] [22] [23] . We quantified the strength of the PLK-1 gradient using a strain in which PLK-1 was tagged at the endogenous locus with superfolder GFP [41] and found that PLK-1::sGFP forms an 1.6-fold anterior-rich cytoplasmic gradient that depends on MEX-5/6 [23] (Figures 5F and 5G) . The mobility of PLK-1::sGFP in wild-type embryos was slower in the anterior than the posterior cytoplasm ( Figure 5H ; Table S1 ). Depletion of MEX-5/6 increased the mobility of PLK-1::sGFP in the anterior PLK-1 phosphorylation of POS-1 inhibits the formation of slow-diffusing POS-1 complexes in the anterior, where PLK-1 most likely accumulates in slow-diffusing RNA complexes due to its interaction with MEX-5, which was shown by yeast two hybrid [23] . As a consequence, slow-diffusing POS-1 complexes accumulate in the posterior, giving rise to the POS-1 concentration gradient. PLK-1 is depicted as inhibiting POS-1 association with slow-diffusing complexes for simplicity, but it could also promote POS-1 dissociation from slow-diffusing complexes. See also Figures S3 and S5 and Table S1 .
cytoplasm ( Figure 5H ; Table S1 ), indicating that MEX-5/6 recruited PLK-1 into slow-diffusing complexes in the anterior cytoplasm. Importantly, the overall concentration of cytoplasmic PLK-1::sGFP was not affected by MEX-5/6 depletion ( Figure 5F ), supporting the conclusion that PLK-1 depends on its interaction with MEX-5/6 in order to control POS-1 mobility.
DISCUSSION
We propose the following working model for POS-1 segregation ( Figure 5I ). Both MEX-5 and POS-1 can associate with slowdiffusing complexes in a manner that depends on their ability to bind RNA. PLK-1 interacts with MEX-5 and is recruited into slow-diffusing complexes in the anterior cytoplasm [12] [13] [14] 23] , positioning PLK-1 to phosphorylate POS-1 and inhibit the formation of stable, slow-diffusing POS-1/RNA complexes in the anterior. Because the formation of slow-diffusing MEX-5 complexes requires MEX-5 RNA binding [13] , one possibility is that MEX-5/6 recruit PLK-1 to RNA in the anterior cytoplasm. In the posterior, the relatively low concentration of MEX-5/6 and PLK-1 provides a permissive environment for POS-1 to bind slow-diffusing RNA complexes, which retards POS-1 diffusion and results in the preferential retention of POS-1 in the posterior cytoplasm. Our model for POS-1 segregation is similar in many respects to that for MEX-5 segregation. MEX-5 mobility is controlled by PAR-1 kinase, which phosphorylates MEX-5 and is required to increase MEX-5 mobility in the posterior cytoplasm [12, 13] , most likely by decreasing the association of MEX-5 with slowdiffusing RNA complexes. The uniformly distributed phosphatase PP2A acts to reduce MEX-5 mobility and allow its retention in the anterior cytoplasm [13] . We predict the existence of an analogous cytoplasmic phosphatase(s) that dephosphorylates POS-1, thereby enabling its retention in the posterior.
Segregation of Other Germ Plasm Proteins in Response to MEX-5/6
It was recently demonstrated that MEX-5/6 suppress P granule assembly/stability in the anterior cytoplasm through a competitive RNA-binding mechanism [19, 20] . In vitro, MEX-5/6 can compete with the P granule RNA-binding proteins MEG-3 and PGL-3 for RNA and thereby suppress the assembly of MEG-3 and PGL-3 into phase-separated liquid droplets. In vivo, suppression of MEG-3 phase separation in the anterior by MEX-5 depends on MEX-5 interaction with RNA and can be overcome by increasing the concentration of RNA in the embryo [19] . These observations indicate that MEX-5/6 can prevent the assembly/ stability of P granules in the anterior by depleting the available pool of RNA required to assemble P granules. In contrast, competition between MEX-5/6 and POS-1 for RNA does not appear to underlie POS-1 responsiveness to MEX-5/6. First, the observation that GFP::POS-1(5A) decreases POS-1 mobility in the anterior suggests that the retention of POS-1 in the anterior is not limited by the availability of slow-diffusing RNAs. Second, our current model is that MEX-5 accumulates in the anterior through interaction with RNA [13] , which a competitive binding model predicts would be sufficient to stimulate POS-1 segregation. However, in plk-1 and mbk-2 mutant embryos, MEX-5/6 segregates normally but does not drive POS-1 segregation [23, 38, 39] . The dynamics of P granules in plk-1/2 embryos have not been reported, and it will be interesting to learn whether PLK-1/2 contribute to P granule segregation or if they selectively target a subset of germ plasm components such as POS-1.
The mechanisms controlling the segregation of PIE-1 have not been fully elucidated. Nishi et al. demonstrated that PLK-1/2 are required for PIE-1 segregation [23] , suggesting that the polo-like kinases could control PIE-1 and POS-1 segregation in a similar manner. Importantly, however, the mechanisms that drive POS-1 and PIE-1 segregation appear to differ in at least two respects. First, our observation that PIE-1(ZFmut) exhibits only a partial defect in posterior retention indicates the existence of additional, unknown mechanisms that mediate PIE-1 retention. Second, in mbk-2 mutants, an unknown mechanism stimulates PIE-1, but not POS-1, segregation during mitosis [38] . One possible explanation for the segregation of PIE-1 in mbk-2 mutants could be a low level of residual MEX-5/6 interaction with PLK-1/2 that is sufficient to drive PIE-1, but not POS-1, segregation. Alternatively, MEX-5/6 may act through unknown, PLK-independent mechanisms that specifically regulate PIE-1 segregation. In the future, it will be important to determine to what extent the multiple predicted PLK-1/2 phosphorylation sites on PIE-1 regulate its dynamics.
Mechanisms Linking the PLK-1 and MEX-5/6 Gradients to POS-1 Segregation
How does PLK-1 phosphorylation increase POS-1 diffusivity? The simplest model is that phosphorylation of POS-1 reduces its affinity for RNA, thereby inhibiting POS-1 association with slow-diffusing RNA complexes. Alternatively, phosphorylation may regulate POS-1 interactions with unknown factors that are required in addition to RNA binding for the formation of slowdiffusing complexes. Consistent with the latter possibility, POS-1 lacking the C terminus binds RNA with high affinity in vitro [28, 42] but exhibits uniformly fast mobility in vivo (GFP::POS-1(1-199)) (data not shown), suggesting that RNA binding is required, but not sufficient, to retard POS-1 mobility. Understanding how the C terminus contributes to the formation of slow-diffusing POS-1 complexes will provide a foundation for understanding how PLK-1 phosphorylation inhibits their formation.
Polo-like kinases control a wide range of processes during the cell cycle and are therefore subject to layers of regulation that ensure they are only active at the appropriate place and time [43] . The activation of polo-like kinases is often controlled by interaction of the PBD domain with binding partners, which relieves auto-inhibition of the kinase domain [43] . Consistent with such a mechanism controlling PLK-1 activity in the zygotic cytoplasm, Nishi et al. found that PLK-1 interaction with MEX-5/6 increases PLK-1 kinase activity in vitro [23] . In addition, our finding that MEX-5 RNA binding is required for control of POS-1 mobility suggests that PLK-1 must both interact with MEX-5/6 and be recruited to slow-diffusing complexes in order to inhibit POS-1 retention. In this respect, MEX-5/6 could be viewed as targeting factors that position PLK-1 in the cytoplasm where it can most efficiently control POS-1 segregation. Because depletion of MEX-5/6 only increases PLK-1::sGFP mobility in the anterior and not the posterior ( Figure 5H ), we predict that the gradient in active cytoplasmic PLK-1/MEX-5/6 complexes may be substantially stronger than the overall cytoplasmic PLK-1 gradient.
The posterior kinase PAR-1 phosphorylates MEX-5 and most likely decreases the association of MEX-5 with slow-diffusing RNA complexes [13] . Taken together with the current finding that MEX-5/6 RNA binding is required for the control of POS-1 mobility, PAR-1 phosphorylation would be predicted to not only decrease MEX-5 concentration in the posterior but also prevent MEX-5/6 from targeting PLK-1 to POS-1 in the posterior cytoplasm. Consistent with this prediction, previous analysis of GFP::PIE-1 mobility showed that MEX-5/6 are more active in par-1 mutant embryos than in par-3 mutant embryos, which retain PAR-1 activity [15] .
Our findings have three important implications for understanding how the zygotic cytoplasm is partitioned. First, only proteins whose mobility is increased by PLK-1 phosphorylation would be sensitive to the mechanisms described here, which could explain why only specific RNA-binding proteins redistribute to the posterior in response to MEX-5/6. Second, we propose that the combined requirement for PLK-1 interaction with MEX-5/6 and MEX-5/6 interaction with RNA converts their gradual concentration gradients into much stronger, switch-like activity gradients. The formation of such a switchlike activity gradient may explain the apparent amplification of the relatively weak PLK-1 concentration gradient as it gives rise to the significantly stronger POS-1 gradient. Third, we propose that the reaction/diffusion mechanisms by which PAR-1 patterns the MEX-5 gradient significantly impact the subsequent reaction/diffusion mechanisms that pattern the POS-1 gradient. Because a series of reaction/diffusion mechanisms is thought to underlie the dramatic spatial reorganization of the zygote [7, 44] , a full understanding of this process will most likely require an integrated analysis of the mechanisms that amplify and dampen polarity cues as they propagate within the cortex and into the cytoplasm.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Embryonic viability assays
For viability assays, late L4 larvae were grown for 24 hr at 20 C to generate staged adults. Ten adults were each picked to individual seeded NGM plates and allowed to lay eggs for 2 hr. Embryonic viability was calculated as the percentage of total eggs laid that hatched into L1s.
Western blotting
To quantify the expression levels of MEX-5 and MEX-5(ZFmut), 50 young adults were collected for each strain in 50 mL M9 buffer. 4x Laemmli sample buffer (Bio-Rad) was added to 1x, and samples were lysed by three freeze/thaw cycles on dry ice and in a 42 C water bath. DTT was then added to a final concentration of 200 mM before boiling at 98 C for 5 min. Equal volumes of each sample were loaded onto Any kD mini-PROTEAN TGX Gels (Bio-Rad). Samples were transferred to Immobilon-P transfer membrane (EMD Millipore) and probed with 1:500 guinea pig anti-MEX-5 primary antibody [13] and 1:10,000 peroxidase-conjugated AffiniPure Goat anti-guinea pig IgG secondary antibody (Jackson ImmunoResearch). The blot was then stripped with Restore PLUS Western Blot Stripping Buffer (Thermo Fisher Scientific) and probed with 1:600 mouse monoclonal anti-a-tubulin primary antibody DM1A (Sigma-Aldrich) and 1:5000 peroxidase-conjugated AffiniPure Goat anti-mouse IgG secondary antibody (Jackson Immuno Research). All antibodies were dissolved in TBST containing 5% milk. Blots were developed with the Clarity Western ECL Substrate (Bio-Rad) and imaged with the ChemiDoc XRS system (Bio-Rad) with an exposure time of 20 s.
Protein Purification for RNA binding assays Recombinant MBP-tagged MEX-5 was purified as described previously [10] with some modification. Briefly, plasmids encoding wildtype MEX-5 TZF domains (pBH97: pHMTc-MEX-5(aa236-350)) or MEX-5(ZFmut) TZF domains (pBH98: pHMTc-MEX-5(aa236-350; F294N,F339N)) were transformed into E. coli strain BL21. Protein expression was induced for 3 hr in mid-log phase with 1 mM IPTG. Cells were disrupted in lysis buffer (200 mM NaCl, 50 mM Tris-Cl, pH 8.0, 100 mM Zn(OAc) 2 , 2 mM DTT), clarified extract was loaded onto an amylose affinity column (New England Biolabs), washed extensively, then eluted with lysis buffer supplemented with 10 mM maltose. Fractions containing the protein were dialyzed into low salt Q column buffer (20 mM NaCl, 50 mM Tris-Cl, pH 8.8, 100 mM Zn(OAc) 2 , 2 mM DTT) overnight, and then loaded onto a HiTrap Q column (GE HealthCare). The protein was eluted across a 20 mM to 1 M NaCl gradient. Fractions containing the protein were combined and dialyzed into low salt S column buffer (20 mM NaCl, 50 mM MOPS, pH 6.0, 100 mM Zn(OAc) 2 , 2 mM DTT) overnight. The dialyzed sample was loaded onto a HiTrap S column (GE HealthCare), and fractions containing the protein were collected across a gradient from 20 mM to 1M NaCl. The eluted protein was dialyzed into storage buffer (25 mM NaCl, 25 mM Tris-Cl, pH 8.0, 100 mM Zn(OAc) 2 , 2 mM DTT) overnight and stored at 4 C until use. The protein concentration was estimated from its UV absorbance at 280 nm and overall purity was estimated by SDS-PAGE. We note that the presence of apparent proteolysis products that co-purify with both MEX-5 variants.
Recombinant MBP-tagged POS-1 was purified as described previously [42] . In brief, the plasmid encoding wild-type POS-1 TZF domains (pHMTc-POS-1(aa80-180) [42] ) and POS-1(ZFmut) TZF domains (pBH96: pHMTc-POS-1(aa80-180; F121N,F164N)) were transformed into BL21, the protein was induced, cells were lysed, and the protein purified over an amylose column as described for MEX-5 above. Fractions containing the protein were combined and dialyzed into low salt S buffer overnight. The protein was loaded over a HiTrap S column. For POS-1(aa80-180), the flow through was collected, then dialyzed into low salt Q buffer overnight. The protein was then purified over a HiTrap Q column as described for MEX-5 above. POS- 1(aa80-180; F121N,F164N ) protein did not flow through the HiTrap S column, presumably due to its reduced RNA-binding activity and concomitant reduction in associated negative charge. Therefore, this protein was eluted from the column across a gradient from 20 mM to 1 M NaCl. Both variants were dialyzed in storage buffer and stored as MEX-5 above. The concentration of each was estimated from its UV absorbance at 280 nm, and purity assessed by SDS-PAGE.
EMSA
Electrophoretic mobility shift assays were performed as previously described [42] . Trace FAM-labeled RNA oligonucleotides (2.9 nM, IDT) corresponding to fragments of the glp-1 3 0 UTR (SCR+: 5 0 -UUUUU CUUAU UCUAG ACUAA UAUUG UAAGC U-Fl-3 0 ) or the TNFa 3 0 UTR (TNF-ARE: 5 0 -GUGAU UAUUU AUUAU UUAUU UAUUA UUUAU UUAUU AG-Fl-3 0 ) were equilibrated with varying concentrations of purified recombinant POS-1 or MEX-5, respectively, in binding buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 0.01 mg/mL tRNA, 0.01% (v/v) IGEPAL, and 100 mM ZnOAc 2 ) for at least 3 hr. Prior to loading onto a 5% polyacrylamide 1XTB slab gel, 10 mL of 0.005% (w/v) bromocresol green in 30% glycerol was added to 100 mL of each sample. The gels were run at 120V in a 4 C room for 90 min, then analyzed on a Fuji FLA-9000 laser imager to detect bound and free RNA. The fraction of bound RNA was quantified using MultiGauge software (Fuji) and fit to the Hill Equation using Igor Pro (WaveMetrics) to determine the apparent binding constant, as previously described [10] .
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QUANTIFICATION AND STATISTICAL ANALYSIS
For quantification of the mean intensity in the anterior and posterior cytoplasm ( Figures 1F, 1G , and 3E), the mean fluorescence intensities in the anterior half, the posterior half, and throughout the zygote were determined at each time point. The background signal from outside the embryo was subtracted and fluorescence intensities were normalized to the initial total value for each embryo. For line scan analysis, fluorescence intensities were averaged for 15-pixel line scans at both 25% and 75% embryo length along the D/V axis for each embryo. The fluorescence intensities along the A/P axis were normalized to the average of the first 10 pixels of the end with low concentration (the posterior for PLK-1 and the anterior for POS-1 and PIE-1). To average the fluorescence values among multiple embryos that differ slightly in length, the signal at 201 regularly spaced points along the A/P axis was estimated using linear interpolation with the interp1 function in MATLAB (version R2015a, Mathworks, Natick, MA) [15] .
FRAP curves were corrected for photobleaching during recovery by normalizing to a fluorescence intensity within a 4 mm diameter circle outside of bleach region. A region of the same size outside of the embryo was selected as the background. The fluorescence intensity immediately following photobleaching was set to zero, and the background-subtracted intensities were normalized to the average of the pre-bleach values. The final relative intensity was then averaged among the indicated number of embryos. t 1/2 and percent recovery values were calculated in Prism6 (GraphPad Software, La Jolla, CA) by fitting to a one-phase association non-linear regression curve. Because FRAP assays were performed simultaneously in the anterior and posterior cytoplasm, statistical comparisons between the anterior and posterior cytoplasm were performed using a paired Student's t test with Welch's correction. Statistical comparisons between embryos with different genotypes were performed using an unpaired Student's t test with Welch's correction.
